Study Design. Retrospective chart and radiographic review. Objective. To evaluate spinopelvic fixation technical advancements for the treatment of neuromuscular scoliosis. Summary of Background Data. Implants for vertebral and pelvic fixation have evolved without data demonstrating the benefit for neuromuscular scoliosis. The aim of this study was to evaluate this evolution in terms of deformity correction, complications, and implant cost. Methods. Patients treated with posterior spinal fusion to the pelvis for neuromuscular scoliosis with minimum 1-year followup from 1998 to 2012 were reviewed. Constructs were defined as nonrigid (>50% sublaminar wire fixation with Galveston or iliac screw pelvic fixation) and rigid (!50% pedicle screw fixation with iliac or sacral alar iliac screw pelvic fixation). Results. Eighty patients were identified: cerebral palsy (55%), myelomeningocele (16%), syndrome (8%), muscular dystrophy (15%), or other neuromuscular disorders (6%). A total of 95% were nonambulatory. Mean follow-up was 3.9 years (range 1-12 years). Construct types were 23 nonrigid and 57 rigid. Estimated construct cost was greater in the rigid group at $15,488 as compared with $3128 in the nonrigid group despite the lower anchor density in the rigid construct group (1.38 vs. 1.80, P < 0.001). Open anterior releases were more frequently performed in the nonrigid group (13/23 vs. 5/57, P < 0.001). Deformity correction at final follow-up was significantly greater for both Cobb angle and pelvic obliquity in the rigid group. The rates of wound infection, wound dehiscence, implant prominence, and mechanical failure of the fixation were not significantly different. The pseudarthrosis rate requiring revision surgery was 22% in nonrigid group and 5% in the rigid group (P ¼ 0.026). Conclusion. Advances in spinopelvic fixation have resulted in improved deformity correction with lower rates of pseudarthrosis and a decreased need for anterior release. This study demonstrates the benefits of modern spinopelvic fixation techniques.
N euromuscular scoliosis presents a challenging population due to patient comorbidities and an increased risk of infection and wound complications. Spinal arthrodesis is indicated for severe deformity to improve pelvic obliquity for sitting and/or standing balance, facilitate hygiene, and pain control. 1 Methods for spinopelvic fixation have undergone an evolution to improve deformity correction. [1] [2] [3] [4] [5] [6] Spinal fixation has migrated from wires, to hooks, and now to pedicle screws ( Figure 1A-C) . 5, 6 Segmental pedicle screw spinal fixation has achieved superior deformity correction in idiopathic scoliosis as compared with hooks. 7 Pelvic fixation has similarly evolved. The Galveston technique involved implantation of a smooth rod into the ilium at the level of the posterior superior iliac spine. 2, 3 Iliac screws gradually replaced the Galveston technique due to implant modularity and improved biomechanics with superior pull out strength. 1, 8 Disadvantages of iliac screws or the traditional Galveston technique include the substantial dissection of paraspinal muscles and residual implant prominence potentially leading to wound dehiscence and infection, which are frequent complications in the neuromuscular population. 9 Sponseller et al 10 developed an alternative method for pelvic fixation, termed sacral alar iliac (SAI) fixation. These screws cross the sacroiliac joint into the ilium through the S2 ala. The screw head is in a position to be lower profile in comparison with iliac screws. 10 The screw head is also in line with the proximal As techniques and implants have evolved, fusion levels and the density of spinal fixation anchors have varied. Recent studies have evaluated the appropriate anchor density for spinal fixation in adolescent idiopathic scoliosis and no correlation between anchor density and correction has been identified 11 ; however, inadequate anchor density has the potential to negatively impact the deformity correction achieved and maintained after instrumented arthrodesis. Higher anchor density than necessary may be associated with increased blood loss, operative time, and implant cost.
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Modifications of the instrumentation techniques for scoliosis correction have been developed to reliably improve deformity correction. To this end, spinal and pelvic fixation has become more rigid. The recent development of the SAI technique also has the potential to lessen the rate of implant prominence and wound complications. 9 At our institution, instrumentation for neuromuscular scoliosis gradually evolved from Luque-Galveston technique with an increasing use of screw fixation to all pedicle screw constructs with SAI pelvic fixation. The purpose of this study was to compare the deformity correction, complication rates, and implant costs with these fixation methods. Our hypothesis was that rigid instrumentation techniques for neuromuscular scoliosis provide greater deformity correction with similar complication rates as nonrigid instrumentation methods.
MATERIALS AND METHODS
After institutional review board approval, the electronic medical records of patients treated with posterior spinal arthrodesis for neuromuscular scoliosis from 1998 to 2012 were retrospectively reviewed. Inclusion criteria for the study were as follows: a diagnosis of neuromuscular scoliosis, arthrodesis with posterior spinal instrumentation including pelvic fixation, and scoliosis radiographs at the start and end of treatment. Exclusion criteria were age greater than 18 years, inadequate radiographs, or less than 1 year of postoperative follow-up.
Study data were collected and managed using REDCap electronic data capture tools hosted at Vanderbilt University. 12 Demographic data, operative details, radiographs, and clinical follow-up were evaluated. Details of the operation were recorded including operative time, blood loss, and use of an anterior approach. Complications were recorded from clinic notes, including implant prominence, evidence of pseudarthrosis, and postoperative wound complications (infection or dehiscence). Implant prominence was recorded if documented in the medical record. Superficial infection was defined as any concerning appearance of the wound treated with antibiotics alone and deep infection as any infection that required operative intervention. Complications were graded by a modification of the ClavienDindo classification as delineated in Table 1 .
Standardized scoliosis radiographs of each patient were reviewed by two reviewers at the following time points: preoperative, immediate postoperative, and final follow-up. All radiographs were evaluated for Cobb angle, horizontal pelvic obliquity, pelvic implant haloing (lucency around the implant), pelvic implant failure, spinal implant failure, and spinal fixation anchor density. Cobb angle of the major curve was measured by standard technique from inferior endplate of proximal vertebrae and superior endplate of distal vertebrae. 13 Pelvic obliquity was measured by the horizontal pelvic obliquity method ( Figure 2 ). 14 The pelvic obliquity angle measurement was the angle subtended by a line drawn across the top of the iliac crests and a line perpendicular to the T1 to S1 line. Haloing was measured as millimeters of lucency from the screw shaft or smooth rod for pelvic fixation. Radiographic measurements were made preop, immediate postoperative, and at final follow-up. Loss of Cobb angle or pelvic obliquity angle greater than 58 was recorded. Percent correction was defined as (initial Cobb angle-final Cobb angle)/initial Cobb angle. 11 Spinal fixation anchor density was defined as the number of vertebral anchors per number of levels fused. Spinal anchors were recorded individually as wire, hook, or pedicle screw for each construct to allow characterization of hybrid constructs. 15 Spinopelvic fixation comparison was made by an assessment of construct rigidity. The spinopelvic fixation rigidity comparisons were made by grouping patients with either nonrigid constructs (>50% sublaminar wires with Galveston or iliac screw pelvic fixation) or rigid constructs (!50% pedicle screws with iliac or SAI screw pelvic fixation). The cost of each spinopelvic instrumentation construct was estimated utilizing 2014 institutional costs: wire ($70), pedicle screw ($675), hooks ($500), and fusion rod ($300). An individual patient's construct cost was estimated by the summation of the cost for each implant within a given construct. This cost analysis was performed without consideration for the change in implant cost over the time period of the study.
Data analysis was performed using a statistical analysis tool. 16 Due to the sample size and variance, nonparametric tests were used for all evaluations. Univariate analysis was performed using the Mann-Whitney U test and the chisquare test. Comparisons between preoperative and postoperative radiographic measurements and between immediate postoperative and final follow-up measurements were made with univariate analysis on the basis of fixation type. Analysis of deformity correction related to anchor density was made by a categorical comparison of high density (>1.5) versus low density (<1.5) constructs. Anchor density and deformity correction was further compared by the Spearman correlation.
RESULTS
Eighty patients were identified with the following diagnoses: cerebral palsy (55%), myelomeningocele (16%), syndrome (8%), muscular dystrophy (15%), and other neuromuscular disorders (6%). A total of 95% of the patients were nonambulatory. Pelvic fixation was traditional Galveston (16), iliac screws (44), and SAI screws (20) . Spinopelvic fixation included 23 patients with nonrigid constructs and 57 patients with rigid constructs. Mean follow-up was 3.9 years (range 1-12 years). The demographics of the two groups are summarized in Table 2 . The nonrigid group had a younger mean age at the time of surgery (12.1 vs. 13.5 years, P ¼ 0.054) and had longer mean follow-up (6.0 vs. 3.1 years, P < 0.001).
Comparisons between nonrigid and rigid instrumentation constructs are summarized in Table 3 . The mean estimated construct cost was greater in the rigid group, $15,488, as compared with $3128 in the nonrigid group (P < 0.001), despite the significantly lower anchor density was in the rigid construct group (1.38 vs. 1.80, P < 0.001). There was no statistical difference in the preoperative Cobb angle or pelvic obliquity between the two groups or in the immediate postoperative deformity correction. The deformity correction at final follow-up, however, was significantly greater for both Cobb angle and pelvic obliquity for the rigid group, reflecting greater loss of correction in the nonrigid group. Loss correction was significantly more common in the nonrigid construct group for both Cobb angle (15/23 vs. Complications were graded with a modification of the Clavien-Dindo classification. There were no differences in the complication rates between the nonrigid and rigid fixation constructs when stratified by complication severity grades. The rates of superficial infection and wound dehiscence/deep infection requiring surgery were not statistically different in the subgroup analysis. (Table 4 ) There was a greater rate of pressure ulceration unrelated to implant prominence in the nonrigid group (13.0% vs. 1.8%, P ¼ 0.036). The rate of pseudarthrosis requiring revision arthrodesis was 21.7% (5/23) in the nonrigid group, compared with 5.3% (3/57) in the rigid group (P ¼ 0.026). 
DISCUSSION
The evolution of spinopelvic instrumentation has provided fixation with greater rigidity for the correction of neuromuscular scoliosis; however, it has been unclear whether the greater implant costs associated with rigid instrumentation are justified in the neuromuscular population. This study demonstrates that the rigid instrumentation constructs provide greater deformity correction at final follow-up, reflecting a gradual loss of correction in nonrigid instrumentation. The immediate postoperative correction was similar between the nonrigid and rigid construct groups, despite a significantly higher rate of open anterior releases in the nonrigid group (56% vs. 9%, P < 0.001). Loss of correction greater than 58 occurred within the nonrigid group in 65% of patients for Cobb angle and 57% for pelvic obliquity as compared with 23% and 21% within the rigid group, respectively (P < 0.001 and P ¼ 0.002). Additionally, the final pelvic obliquity progressed to at least 58 greater than the preoperative deformity for 43% (10/23) of the nonrigid group as compared with 7% (4/57) of the rigid group (P < 0.001), demonstrating that nonrigid implants were not reliably able to maintain correction and prevent progressive deformity. A correlation was not demonstrated between increased anchor density and greater deformity correction in either the nonrigid or rigid groups; however the sample size is relatively small. In our experience, excellent deformity correction can be achieved in neuromuscular scoliosis by concentrating the pedicle screw anchor points in the apex of the deformity while utilizing a lower screw density in the remaining spinal segments. We have not found it necessary to use a maximum anchor density of 2.0 with pedicle screws bilaterally in each segment.
The implant anchor density was greater in the nonrigid group, but as expected, the mean implant construct cost was approximately five times greater in the rigid group ($15,581 vs. $3128) due to the higher costs of rigid implant systems; however, the overall costs of the intervention were not analyzed such as charges associated with operative time, open anterior release, need for an access surgeon, intensive care unit stay, and hospital length of stay. The high rate of anterior releases in the nonrigid group creates additional patient morbidity and it is possible that a more detailed cost analysis would conclude that the overall cost of a nonrigid spinopelvic arthrodesis combined with anterior release is equivalent or greater than the cost of a rigid spinopelvic arthrodesis without anterior release.
Complications were compared utilizing a modification of the Clavien-Dindo complication classification system specific for orthopedic surgery. 17 The Clavien-Dindo complication classification was originally described and validated for use in adult general surgery populations. 18, 19 An advantage of this system is minimization of the subjective bias with labeling of complications as minor/major or mild/moderate/severe. A modification of the Clavien-Dindo system has been utilized in the orthopedic literature describing complications of surgical hip dislocation and intramedullary nailing of pediatric 20, 21 No statistical difference in the severity grades of the Clavien-Dindo classification were noted between the rigid and nonrigid constructs. Additionally, we did not find significant differences in rates of wound infection, wound dehiscence, and reoperation between groups. Pseudarthrosis was more common in the nonrigid group, with a higher rate of pseudarthrosis requiring revision surgery in the nonrigid constructs (21.7%) as compared with the rigid constructs (5.3%), P ¼ 0.026.
A weakness of this study is that it is not a strict comparison of Luque-Galveston technique with an entirely screw-based construct with pedicle screws and SAI screw fixation. At our institution, the rigidity of spinopelvic fixation gradually evolved from sublaminar wires with traditional Galveston pelvic fixation to the supplemental use of lumbar pedicle screws with a primarily sublaminar wire construct and finally to all pedicle screw fixation with SAI screws. As the instrumentation gradually shifted toward increased use of screw fixation, this necessitated the creation of rigid and nonrigid comparison groups with the definitions described. Patient selection could potentially impact the conclusions; however, patient characteristics were not utilized to select nonrigid or rigid instrumentation, rather the instrumentation methods evolved toward greater rigidity over the time period of the study.
Additionally, the relatively small sample size of the study did not allow for robust evaluations of anchor density and pelvic fixation type. Further study of anchor density and pelvic fixation type could provide better direction toward a ''minimum required'' anchor density and define whether high densities provide significantly greater deformity correction. Higher anchor density requires greater operative time, blood loss, and implant costs that could be minimized with determination of the required density for neuromuscular scoliosis correction and fusion. Furthermore, this is a nonrandomized study from a single institution and variables such as the use of bone graft extenders to supplement local autograft could influence the pseudarthrosis rate observed. Bone morphogenetic protein was not utilized in this population.
In conclusion, this study demonstrates that rigid spinopelvic fixation techniques are associated with improved deformity correction at final follow-up with lower rates pseudarthrosis in comparison with nonrigid constructs. The improved deformity correction is despite the use of a lower anchor density with rigid implants and less frequent open anterior release. The greater cost of rigid spinal implants may be justified when considering improved deformity correction, lower rates of pseudarthrosis, and avoidance of open anterior release with additional operative time, cost, and morbidity.
Key Points
Rigid spinopelvic instrumentation is associated with greater deformity correction at final followup with lower rates pseudarthrosis in comparison with nonrigid constructs.
Rigid instrumentation improved deformity correction despite a lower anchor density and less frequent open anterior release. The implant anchor density was greater in the nonrigid group; however, the mean implant construct cost was approximately five times greater in the rigid group. The greater cost of rigid spinal implants may be justified when considering improved deformity correction, lower rate of pseudarthrosis, and avoidance of open anterior release with additional operative time, cost, and morbidity.
